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EFFECT OF FLUORIDE INCLUSIONS ON
INDUCTION-SLAG-MELTED Ti-6A1-4V ALLOY

By J. |. Paige!

ABSTRACT

The effect of fluoride 1inclusions on the properties of titanium pro-
duced from the Bureau of Mines developed induction slag melting process
is of concern to members of the titanium industry. The objective of the
research was to determine the effect of CaF; inclusions on the proper-
ties of titanium and its survival rate during melting. The data were
obtained from single—-induction—-slag-melted ingots prepared with the nor-
mal addition of 4 pct and also with 2— and l-pct additions of CaF;, slag.

The results of this effort showed that the mechanical properties of
single-induction—slag-melted Ti-6A1-4V alloy exceed the minimum values
specified in Aerospace Materials Specification for Titanium Alloy Bars
and Forgings AMS4928H, but these materials are much more notch sensitive
in fatigue than normal Ti-6A1-4V alloy titanium. First and second vac-
uum—-arc remelts of single-induction—slag-melted ingots fragmented and
increased the number of inclusions, while reductions in the amount of
flux resulted in an upward trend in the spatial distance between pores
in an x-y plane.

1Chemical engineer, Albany Research Center, Bureau of Mines, Albany, OR.



INTRODUCTION

The Bureau of Mines has been active in
the development of titanium and zironcium
technology since the first commercial
introduction of these materials. Bureau
personnel have made significant contribu-—
tions to sponge reduction processes,
melting, and casting technology for
titanium (lﬁé).z

The induction slag melting process was
developed by the Bureau for the purpose

The fluoride inclusions studied in this
research form as a result of wusing cal-
cium fluoride as a protective salt during
melting. Prior to this research, the ef-
fect of these inclusions on the proper-
ties of titanium and their survival rate
during remelting operations were unknown.
Continuing interest in induction slag
melting by the titanium industry will de-—
pend on the effect these 1inclusions have

of consolidating 1loose titanium scrap on the properties of titanium.

into electrodes for melting in consum-— During the period of this investiga-—
able-arc furnaces used by the titanium tion, researchers at both the Duriron Co.
industry. The anticipated titanium scrap Dayton, OH (4) and the Bureau success-
surplus market never developed, but the fully induction slag melted titanium and
Bureau has continued work on the process titanium alloys without slag. This sub-
because of increasing interest in it for ject will be covered 1in a separate
melting a variety of metals and alloys. report.

MATERIALS

The titanium alloy chosen for this
study was the widely used Ti-6A1-4V, for
which data on mechanical and fatigue
properties are readily available. The
titanium sponge and Al-V master alloy
were prepared from domestic sources. The
unalloyed sponge was commercially pro-
duced, Kroll process, vacuum distilled,
and in the size range of minus 3/4 in by
plus 20 mesh. The Ti-6A1-4V machine
turnings were purchased from a commercial
producer. Analyses are shown in table 1.

Luminescent —-grade CaF, was used as the
insulating salt required by the process.
The CaF, was treated prior to wuse by
first heating for 2 h in air at 1,112° F
(600° C) to 1,202° F (650° C) to remove
excess moisture. The CaF, was then vacu-
um fused to remove any remaining moisture
and CO, resulting from the decomposition

of CaCO3x. Any Si0O, present and the CaO
resulting from the decomposition of the
CaCO3 were not eliminated during vacuum

fusion, and both were a potential source
of oxide contamination to the ingot.

TABLE 1. - Analyses of Ti-6A1-4V
sponge, turnings, and master
alloy, weight percent

Element Spongé1 Turnings Master
alloy
Alsscsossos ND 6. 20 57.75
Comniniosnsws <0.005 .01 . 049
Cfssnmiwnuse ND ND .019
Clisos w ois wiare ND ND . 006
Feoowsnnnnse .02 .24 «19
- (R . 004 . 004 .0015
Mgeesossons .04 ND <,003
MOcecosonss ND ND .04
Mis s o555 4 ND ND .01
Niceonwmions ND ND .008
Niswws T .006 .02 . 004
Qs sawwnansis .06 .21 .06
Pio o soiwmmmine ND ND .003
Sdie simmnwnne <.001 ND .37
Sisavnnmass ND ND . 001
Tieeoeeseas | 299.8 289, 2 <, 01
Veinososseios ND 4,08 41,52

2ynderlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

ND Not detected.

'Total chloride, 0.10 pct;
elements, 0.0l pct.

2Determined by difference.

total other



PROCEDURE

INGOT MELTING

Figure 1 shows a schematic diagram of
the induction slag melting (ISM) furnace.
The essential features of the furnace, in
addition to the segmented crucible, were
a vacuum—tight chamber for melting 1in a
controlled atmosphere, a system for side-
feeding metal and insulating salt into
the crucible, and a mechanism for with-
drawing the ingot that was formed. Power
for melting was supplied by a 100-kW,
9,600-Hz motor-generator rated at 440 V
and 228 A. A detailed description of ISM
as practiced by the Bureau of Mines may
be found in reference 2.

INGOT PROCESSING

Ingot breakdown was done in a hydraulic

press fitted with open flat dies for
close control of the deformation rate.
Vmwponx\\
Furnace Scrap for
chomber\ melting
o3 Vibrating
gos =22 feeder
(2
Coaxial power B E

lead-through
2l Work coil

\Segmented crucible

/? N\\\\T\\\Ingo1

Furnace extension

E S - : = -———1
0 5 10 = = 5~ Shaft for ingot
L1 ] = withdrawal

Scale, in

T

FIGURE 1.—Longitudinal section of ingot furnace.

The rated capacity of the press is 454 mt

(500 st). The ingot surfaces were condi-
tioned with a lathe to provide defect-
free surfaces prior to forging. The

ingots were placed into a furnace, pre-
heated to 2,050° F (1,121° C) and soaked
for 2 h prior to the start of forging.

Each ingot was upset forged to 50 pct
of its length and then placed into an-
other furnace set at 1,875° F (1,024° C),
and soaked for 30 min. After the 30-min
soak, the ingot was reforged to an octa-
gon shape of the approximate original
length in the axial direction (minimum of
30 pet reduction). Following this forg—
ing operation and between each succeeding
forging operation, the ingot was soaked
for 15 min at 1,875° F (1,024° C). The
ingot was then upset forged a second time
to 50 pet of its original length, re-—
forged to an octagon shape of the ap-—-
proximate original length in the axial
direction, and then upset forged a third
time to 50 pct of 1its original length.
Following the third upset, the 1ingot was
reforged to a bar 140 mm-wide (5-1/2-in)
by 64 mm—thick (2-1/2-in) by random
length. The reforged bar was then placed
on a cooling rack to air cool to room
temperature.

The bars were sand blasted and condi-
tioned, by milling, to remove any cracks
that looked like they would cause further

damage during rolling to the final
plate.

The bars were placed 1into a furnace,
preheated to 1,765° F (963° C), soaked

for 2 h prior to the start of rolling,
and soaked again for 15 min between each
successive pass. The thickness of plate
was reduced by 20 pct per pass. For the
initial tensile and fatigue testing pro-
gram, the plate was reduced to 25 mm
(1-in), but the results were unsatisfac-
tory. Therefore, the rolling schedule
was revised and the plate was reduced
from 64 mm (2-1/2-in) to 15 mm (5/8-in).
When the final thickness was attained,



the plates were flattened on the forging
press and air cooled to room temperature.

The plates were sandblasted to remove
forge scale prior to machining.
PREPARATION OF TEST SPECIMENS
Test blanks were cut from the forged
plates and machined into Charpy impact,
tensile, and fatigue specimens. Impact

specimens were standard Charpy V-notch
specimens conforming to American Society
for Testing and Materials (ASTM) specifi-
cation E23-82, type A (5). Their con-
figuration and dimensions are shown in
figure 2. Tensile specimens were propor-—
tional to standards, and conformed to
ASTM specification E8-83 (6, p.143). The
configuration and dimensions of the ten-
sile specimens are shown in figure 3.
Fatigue specimens were standard, con-—
forming to ASTM specification E466-82
(7, p. 571). Their configuration and di-
mensions are shown in figure 4.

After machining, the specimens were
packed in Ti-6Al1-4V alloy machine chips
in a carbon steel container that was

evacuated, backfilled with helium, and
sealed by welding in an inert atmosphere.
The samples, as contained, were annealed

(container was not annealed to remove
strain) at 1,300° F (704° C) for 2 h to
remove any residual strain. Following
the 2-h annealing treatment in an open
electric furnace, the container was re-—
moved from the furnace and air cooled to
room temperature before the specimens

were removed.

1.0825 + 0.039), 0.394 £ 0.001"
0.010 £0.001"
Yf7°t” 0.315% 0.001"
2 IR
_772J65t0J00"47¥_.‘ 0.394+ 0.001"

FIGURE 2.—Charpy V-notch test specimen.
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FIGURE 3.—Tensile test specimen.
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FIGURE 4.—Fatigue test specimen.

TEST PROCEDURE AND RESULTS

FLUORIDE INCLUSIONS

study to identify
the microstructure

The metallographic
fluoride anomalies in
caused by CaF, flux used in the induc-
tion slag melting process was done on a
scanning electron microscope (SEM) micro-
probe and an image analyzer. An attack
polishing technique was used to prepare
all samples for SEM-microprobe and image
analyses. The method employs a l-um

particle diameter Al,0z for the initial
polish and a 0.05-pm particle diameter
Al1,03 with a light acid mist spray on the
wheel for the final polish.

Specimens were examined from ingots
produced from four separate treatments:
(1) single induction-slag melted (S—ISM)
only, (2) S-ISM plus single vacuum-arc
remelt (S-VAR), (3) S-ISM plus double
vacuum—arc remelt (D-VAR), and (4) D-VAR
only. Typical data are shown in table 2.



TABLE 2. - Typical data for fluoride
inclusions versus melting parameters

TABLE 3. - Typical data for fluoride
inclusions versus flux percentage'

Number Average
Num- | of pores dis-
Treatment ber used in tance
of distance | between
pores calcu- pores,
lation mm
S=IS8Misssssenes 12 8 0.157
24 11 .110
S-ISM and S-VAR 17 10 . 149
94 28 061
S-ISM and D-VAR 127 36 . 046
333 46 .038
D=VAR: svwwse oo 33 18 . 062
52 23 .067

D-VAR Double vacuum arc remelt.
S-ISM Single induction slag melt.
S—-VAR Single vacuum arc remelt.

A study was also conducted to determine
the effect of reducing the amount of CaF,
flux used during the ingot melting pro-
cess. S—-ISM ingots were produced with
the normal 4-pct flux addition and also
with 2-pct and l-pct additions of CaF,
flux. Typical data are shown in table 3.

MECHANICAL AND FATIGUE TESTING

Charpy V-notch specimens were prepared
and tested in accordance with ASTM speci-
fication E23-82 (5). Tests were per-—
formed on a Riehle3 model R-21314 pendu-—
lum C-type machine. The linear velocity
of the hammer at the instant of striking
was 18.1 ft/s. The temperature of the
specimens was 22° C (72° F). The results
are shown in table 4.

Tensile specimens were prepared and
tested 1in accordance with ASTM specifi-
cation E8-83 (9). After inspection, the

products does
Bureau of

SReference to specific
not imply endorsement by the
Mines.

Number of Average
Flux, pct Pore pores used distance
factor | in distance between
calculation | pores, mm
Uowiwes i 0.914 10 0.056
. 859 9 .067
. 875 5 .110
. 836 7 . 082
.891 10 .072
+ 813 8 . 066
20000 0mes . 969 5 .128
o '922 5 . 061
.852 6 « LIS
lawsna v . 969 4 .130
. 938 4 .112
.883 6 .095

TSingle induction slag melt.

specimens were gauge marked and placed in
the grips of the testing machine, and an
extensometer was attached to the specimen
and to a stress-strain recorder. The
tensile test was performed by loading at
a strain rate of 0.005 in/in*min~!
through a specified offset of 0.2 pct.
The extensometer was then removed, and
the specimen was loaded to failure at a
strain rate of 0.05 in/in*min~'. The re-
sults are shown in table 4.

The fatigue specimens were prepared and
tested in accordance with ASTM specifica-
tion E466-82 (7). The fatigue tests were
performed on a Krouse axial fatigue ma-—
chine. A sinusoidal tension—tension load
program was used in which the maximum

tensile stress (Spax) was equal to 60 to
95 pct of the room temperature yield
strength. The minimum tensile stress
(Smin) applied to the specimen was arbi-

trarily chosen to equal 10 pct of Spgy.
The frequency used was 30 Hz. The cycles
to failure were automatically recorded.
The results are shown in table 5.



TABLE 4. - Mechanical test results from annealed Ti-6A1-4V alloy plate‘

Source UTS, XS, Elong, RA, Charpy,
kip/in? kip/in? pct pct ftelbf
Sponge and master alloy:
S—ISMesenummrnussesernyssnmnss nabsssn 124.8 111.6 10 20 26.0
S—ISM and S—VAR. . cccesessecccscccsne 127.9 1153 11 22 33.5
S-ISM and D-VAR. cccccceencoscnnscsnse 135.2 120.6 8 16 NT
D=VAR . e s 58t d oo acisis boodadssie we i 124.7 112.1 10 21 40.0
Ti-6A1-4V alloy turnings:
S=T8Ms s smaswnunmsivnunnssgsaessonensss 147.6 132.1 10 15 12.0
S=ISM and S~VAR:seeeceessacocssnccnns 153.5 137.4 8 11 11.5
S-ISM and D-VAR. eeoeeecosoncncsscass 150, 2 134.2 10 16 NT
Mechanical test results from annealed Ti—-6A1-4V alloy plate
(revised forging schedule)!
Sponge and master alloy: S—-ISMee.o... 135.2 124.2 15 44 40.5
Ti-6A1-4V alloy turnings: S—ISM...... 152.0 143.3 14 35 12.5

D-VAR Double vacuum arc remelt. S-VAR Single vacuum arc remelt.
NT Not tested. UTS Ultimate tensile strength
RA Reduction in area. YS Yield strength.
S-ISM Single induction slag melt. '"Room temperature.
TABLE 5. - High-cycle, tension-tension fatigue test data
from annealed Ti—6A1-4V alloy plate'
Specimen? Diameter, Stress, kip/in? | Cycles to
in? max min failure
lassnwanvisesnmavsovennna 0.194 105 10.5 98,500
Dsmsnbltdmanaie e nmnnEsie .196 85 8.5 133,600
Bemsssummurnnann unmaunnan .197 85 8.5 3569, 500
T K .197 85 8.5 3624,200
S o G .197 105 10. 5 332,700
Bewpsgsintipealitnnsnpiud .197 80 8.0 31,977,400
Tate simmmane monnwminososanss .162 80 8.0 36,248,500
Bevsunvuinovessamnneiobeni .161 105 10.5 495,100
Gicenvsssscocsncsscnncons . 161 120 12.0 61, 600
10coeveososnevononnnsssosse .161 120 12.0 425,600
Llewisnunmumnsanonmoneesss . 160 130 13.0 4,600
l2ivcsaoannsssvnenanisssese . 162 130 13.0 20, 500
13¢esrinsbsnmenneonmevens .161 80 8.0 31,512,400
i enmmononnmanonsases ans .161 95 9.5 32,428,300
15csnnsvnonnns avoassnieess .162 95 95 31,964,700

"Room temperature
’Sponge and master alloy from
3Failed in threads.

single induction slag melt.



DISCUSSION OF RESULTS

FLUORIDE INCLUSIONS

Considerable difficulty was encountered

with fluoride pullout during polishing.
The pullouts created uncertainty about
whether a site was a gas pore or an

inclusion that had pulled out during pol-
ishinge. Figure 5 shows a typical large
inclusion and the friable nature of
the inclusions. Since each site, whether
a pore or an inclusion, represented a
possible initiation site for fatigue
failure; a new approach for counting the
total number of sites in a given area was
applied. These analyses were done with
an image analysis system. An image was
acquired from the SEM and converted into
a binary image showing a white background
with black inclusions. The image was in-
verted to a black background with white
inclusions, and the distance between in-—
clusions was measured directly on the
image. To eliminate opeator bias, mea-
surements were made between inclusions on
two diagonal lines across the field.

The initial studies showed that fluo-
ride-related anomalies in the microstruc-
ture were CaF, inclusions containing
smaller amounts of magnesium and sodium
in ingots made from sponge and master
alloy. Inclusions in ingots made by re-
melting Ti-6A1-4V alloy turnings con-
tained only CaF,. The inclusions ranged

from 0.0005 to 0.002 mm diam, but some
particles of flux as large as 0.035 mm
diam were found frozen just under the

outside surface of ingots. The density
of the pores was approximately 0.5 pct of
the total area being examined. The total
area examined was 0.089 mm?.

Specimens were examined from the four
separate treatments, S—-ISM, S-ISM and
S-VAR, S-ISM and D-VAR, and D-VAR. It
was hoped that the vacuum—arc remelts
would vaporize the fluoride inclusions

from the initial ISM, but, unfortunately,
the additional arc
mented the inclusions.
the inclusions was
number of

melting steps frag-
Thus, the size of
decreased, but the

inclusions was increased

FIGURE 5.—Photomicrograph of large fluorlde inclusion (X 1,000).



(table 2). No fluoride inclusions were
detected by microprobe in the double-
arc—melted samples.

The study to determine the effect of
reducing the amount of CaF, flux during

the melting process did not provide any

conclusive data. Another approach was
employed wutilizing the 1image analysis
system's chord function. The system

draws 128 evenly spaced, horizontal lines
across the field. By setting the maximum
length to be included just short of the
distance across the field, a chord that
did not hit an inclusion was listed as an
overflow. Dividing the number of over-
flow lines by 128 gave a relative index
of the pores (the pore factor in table 3)
that was completely unbiased by operator
judgement. Statistically, there was no
significant difference between these data
and the data obtained from the study
(table 3). Any random sample selected
would represent the mean. However, there
did appear to be a trend in the number of
inclusions measured to determine the av-
erage spatial distance between inclusions
in an x-y plane. The averages, deter—
mined from several samples, were 0.080,
0.102, and 0.110 mm for 4-, 2—, and l-pct
flux, respectively. The data shown in
table 3 are typical of a single sample.
The observed trend was as expected since
use of a smaller amount of flux should
produce fewer inclusions. Apparently,
the procedure for determining the pore
factor and the average distance is either
not sensitive enough or there are too few
inclusions to obtain a reliable value.

TENSILE TESTS

The room temperature tensile test prop-
erties of Ti-6A1-4V alloy prepared from
the four melting treatments were deter-—
mined from annealed round specimens.
Specimens were prepared from forged plate
made from ingots produced by melting

sponge plus 60:40 Al-V master alloy and
remelting Ti—-6A1-4V alloy machine turn-
ings. The data in table 4 represent the
mean values from four test specimens. The
results from a two-tailed ¢t test and a
Chi-square (goodness—of-fit) test showed
that any random sample selected would
represent the mean and that the data fit
a normal distribution, respectively, for
both sets of data.

An analysis of variance was done to
determine if there was a significant dif-
ference owing to the four melting treat-—
ments (S-ISM, S—ISM and S-VAR, S-ISM and
D-VAR, D-VAR). The null hypothesis was
that there was no difference owing to the
treatments. However, evaluation of the
data using an F test and Chi-square test
to evaluate (consistency), resulted 1in
rejection of the null hypothesis. In
general, the data showed a significant
effect, 85 to 90 pct of the wvariance was
due to the melting treatment.

The minimum requirements for titanium
alloy bars and forgings as specified
in AMS4928H (8) are 130 kips/in? for ten-—
sile strength, 120 kips/in? for yield
strength, 10 pct elongation, and 25 pct
reduction in area. None of the specimens
from melts made from either sponge and
master alloy or alloy turnings met the
AMS specifications.

The poor results were largely due to
the physical size of the beginning ingot,
89 mm (3-1/2-in), and the 25-mm (l-in)
finished plate size employed in the early
stages of the investigation. The re-
quired amount of work to break up the as-
cast structure could not be applied to
the material during forging. The average
grain size of the finished plate was
0.80 mm diam. A new specimen configura-

tion was employed for fatigue testing,
(fig. 4) that allowed the forging to be
continued down to 16 mm (5/8-in). This

reduced the average grain size of the
finished plate to 0.010 mm diam.



Another set of specimens was prepared
from plate forged down from newly melted
S-ISM 1ingot using the revised forging
schedule. The values obtained from these
test specimens, (table 5) all exceeded
the minimum specifications as stated
above.

The marked increase in wultimate and
yield strength and the decrease in re-
duction in area, evident from comparison
of the data for unalloyed sponge plus
60:40 Al-V master alloy and remelted
Ti-6A1-4V alloy turnings, was caused by
the interstitial oxygen content of the
two materials. The unalloyed sponge has
an oxygen content of 500 ppm, and the ma-
chine turnings have an oxygen content of
2,000 ppm.

CHARPY V-NOTCH TESTS

The average impact strength determined
by Charpy V-notch testing of annealed
specimens at room temperature ranged from
26.0 fte+1bf to 40.5 ft-1bf for specimens
made from ingots of unalloyed sponge and
60:40 A1-V master alloy and from 11.5
to 12.5 fte1bf for specimens made
ingots of remelted Ti-6A1-4V alloy
turnings. A typical wvalue of forged
Ti-6A1-4V alloy (9) is 17 ft-+1bf. The
values for the sponge—plus—master—-alloy
ingots compare favorably with this fig-
ure. The brittle nature of the specimens
from the remelted turnings was again due
to the amount of interstitial oxygen
present in the material.

from

FATIGUE TESTS¢

tension—tension high-
were conducted on
with a buttonhead
Samples prepared
plus S-VAR plate
ingots made from

Room temperature
cycle fatigue tests
round test specimens
grip configuration.
from S-ISM and S-ISM
forged down from

sponge plus 60:40 Al-V master
alloy were tested at 90, 85, 80, and
75 pct of room temperature yield
strength. The scatter in the results ob-
tained was approximately equal to the
average value for the data. Again this
was because of the size of the starting
ingot, 89 mm (3-1/2 in) and the finished

unalloyed

forged plate, 25 mm (l-in) thick. The
material was not worked enough to break
up the as-cast structure, and, therefore,

data with a high degree of scatter would
be expected.

Because of the poor
additional test specimens
from S-ISM ingot forged down to 15-mm
thick (5/8 in) plate using a revised
forging schedule (fig. 6). A total of 15
round specimens were sent to an outside
testing laboratory for the purpose of
generating a stress life (5-h) diagram.

The specimens started failing 1in the
threads, generally after about 500,000
cycles; therefore, the diameter was re-—
duced from 0.195 to 0.160 in. This
delayed failures in the threads up to
about 2,000,000 cycles. The ratio of
thread area to reduced diameter area was
about 4:1 for the 0.195~in-diam specimen
and about 5.8:1 for the 0.160-in-diam
specimen. The test results are shown in
table 5 and figure 6. The solid lines in
the figure indicate the normal scatter
band for wrought annealed Ti-6A1-4V alloy

results obtained,
were prepared

(10). The original 4:1 area ratio is
generally sufficient for most materials,
even with machined threads, to give
satisfactory failures. It can only be
assumed that this material is wmuch more
notch sensitive than normal Ti-6A1-4V
alloy titanium. Personnel in the tita-

nium industry indicate that this is not
untypical for material with high tensile
properties- Solution treatment and aging
were suggested to improve the fatigue
propertiese.
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FIGURE 6.—High-cycle fatigue test results for Ti-BA1-4V.
CONCLUSIONS

The work reported here resulted in the resulted 1in an upward trend in the dis-

conclusions listed below.

l. Fluoride~related anomalies 1in the
microstructure of ingots made from unal-
loyed sponge plus 60:40 Al-V master alloy
were CaF, dinclusions containing smaller
amounts of magnesium and sodium.

2. Inclusions 1in ingots made from re-
melting T{i~6A1-4V alloy machine turnings
contained only CaFjp.

3. First and second vacuum—arc re-
melts of single—induction—-slag-melted in-

gots fragmented the inclusions, thus
decreasing their size and increasing
their number.

4, Reductions in the amount of CaF,
flux, from 4 down to 2 and 1 pct,

tance between pores, in an x—-y plane, for
single~induction-slag-—melted ingots.

5. When adequate work is put into the

material during forging, the room tem-
perature tensile properties of single-
induction-slag-melted Ti-6A1-4V  alloy

for ti-
as speci-

plate exceed the minimum values
tanium alloy bars and forgings
fied in AMS4928H.

6. Forged plate produced from single~
induction-slag-melted unalloyed sponge
plus 60:40 Al-V master alloy is much more
notch sensitive than normal Ti-6A1-4V
alloy titanium.
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